Non-alcoholic fatty liver disease (NAFLD) is a major epidemics of the modern societies and has an inflammatory component in the pathogenesis. However, approved anti-inflammatory therapies are not currently available for the prevention of the transition from simple steatosis to non-alcoholic steatohepatitis (NASH). We aimed to test if a Chinese herb-derived compound, emodin could halt the simple steatosis to NASH transition. LDLR À/À mice were fed a western-type diet for 10 weeks; and during the last four weeks, the mice were intra-peritoneally injected daily with LPS with or without emodin. Systemic inflammation was evaluated by measurement of serum levels of cytokines and chemokines and flow cytometric analysis of spleen leukocytes. Liver inflammation was determined by histology, immunocytochemistry and flow cytometry. Quantitative real-time PCR and Western blot were performed to examine the effects of emodin on LPS-induced inflammatory responses in macrophages. Our data showed that emodin ameliorated systemic inflammation, reduced inflammatory cell infiltration in the liver, and attenuated liver function impairment. In vitro experiments showed emodin inhibited LPS-induced expression of proinflammatory cytokines in macrophages through suppressing Erk1/2 and p38 signaling. In conclusion, emodin inhibited the transition from simple steatosis to NASH in hyperlipidemic mice challenged with LPS through suppressing systemic and macrophage inflammation. Emodin may be developed as a therapy for NAFLD by the virtue of its anti-inflammatory effects.
Introduction
Metabolic syndrome, mainly due to overnutrition and physical inactivity, results in many human diseases including non-alcoholic fatty liver disease (NAFLD) and atherosclerosis. 1 NAFLD has become the most common form of chronic liver disease and one of the leading causes of death worldwide [2] [3] [4] and it is considered as a key component of metabolic syndrome. 5, 6 NAFLD comprises a spectrum of disorders ranging from simple steatosis to non-alcoholic steatohepatitis (NASH), fibrosis, and cirrhosis, and eventually hepatocellular carcinoma (HCC). 2 While simple steatosis has a benign clinical course, cirrhosis and HCC are among the most devastating human diseases. The transition from simple steatosis to NASH is the crucial step in the evolution from the benign to malignant end of the spectrum.
A ''two-hit'' model suggests that after a first hit by hepatic steatosis and insulin resistance, a second hit is needed to develop NASH. 7 The second hit is mostly derived from gut [8] [9] [10] [11] and adipose tissue, [12] [13] [14] including lipopolysaccharide (LPS), proinflammatory adipokines, and toxic lipids, leading to liver inflammation. Blocking the inflammatory responses of liver to the second hit is critical to preventing the transition from simple steatosis to NASH and further to cirrhosis and HCC. However, the underlying cellular and molecular mechanisms of the transition have just begun to be understood, and currently there are no proven therapeutic strategies to effectively block the transition.
Emodin [1,3,8-trihydroxyl-6-methylanthraquinone] , an active compound isolated from several Chinese herbs including Rheum emodi, which is traditionally used as a laxative agent, has been demonstrated to exert multiple biological benefits in vitro and in animal models. [15] [16] [17] Its effects include body weight reduction, lipid lowering, blood glucose control, and anti-inflammation. 18, 19 Due to these multiple biological activities, it is expected that emodin may yield beneficial effects on metabolic syndrome-related diseases, including NAFLD and atherosclerosis, in which obesity, hyperlipidemia, insulin resistance, and inflammation collectively contribute to the pathogenesis. Indeed, a limited number of animal studies have initially shown promise of emodin in the treatment of these diseases. [18] [19] [20] [21] To further investigate the potential benefits of emodin, in this study we used a mouse model to examine if emodin administrated through an intra-peritoneal administration route can ameliorate NAFLD, focusing on examining the contribution of the anti-inflammatory component of emodin's multiple biological activities.
Materials and methods
Animals LDLR À/À mice were obtained from Jackson Laboratories (Bar Harbor, Maine). Animal care and experiments were approved by the Institutional Animal Care and Use Committee (IACUC) at University of South Carolina. Female six-week-old LDLR À/À mice were placed on a high fat western type diet (HFD, 21% anhydrous milkfat, 34% sucrose, and a total of 0.2% cholesterol) (Harlan Laboratories, Indianapolis, IN, USA) for 10 weeks. During the last four weeks of HFD feeding, LPS (10 mg per mouse) with or without emodin (40 mg kg À1 ) was intraperitoneally (i.p.) administered once daily. The mice were sacrificed at the end point and the blood, liver, and spleen were collected and analyzed.
Measurement of emodin quality
Emodin was purchased from Zelang Pharmaceutical Co., Ltd. (Nanjing, China) and was further characterized by NMR spectroscopy and mass spectrometry. NMR spectra were recorded on Varian Mercury 300 spectrometers using DMSO as the solvent (10 mM). Mass spectrometry was measured on an hp 5986 spectrometer in positive mode.
Plasma emodin concentration measurement
Mice were injected with emodin (40 mg kg À1 ) i.p. The mice were sacrificed after a specified amount of time and their plasma was collected. Plasma was divided into three aliquots. For emodin glucuronide quantification, the plasma was mixed with equal volume of glucuronidase (1000 units mL À1 in pH 5 acetate buffer), half volume of ascorbic acid (100 mg mL À1 ), and incubated at 37 C for 4 h. For emodin sulfate quantification, plasma was mixed with equal volume of sulfatase (containing 1000 units mL À1 of sulfatase and 300 units mL À1 of -glucuronidase in pH 5.0 acetate buffer), half volume of ascorbic acid (100 mg mL À1 ), and incubated at 37 C for 4 h. After incubation, the mixture was added with 50 mL of 0.1 N HCl and extracted with 600 mL of ethyl acetate (three times). The ethyl acetate layer was evaporated under N 2 gas to dryness and reconstituted with 100 mL acetonitrile, which was subjected to HPLC-MS analysis. For free form emodin quantification, the plasma was mixed with equal volume of acetate buffer (pH5.0) without incubation, and processed as the procedure described above.
For HPLC-MS, the mobile phase comprised 90% acetonitrile and 10% water. The Fow rate was 0.2 mL min À1 , and the negative mode was used for the MS (ESI) detection. According to the standard curve of emodin in acetonitrile, the concentration of emodin was calculated. To estimate the total emodin concentration, the sum of free emodin, emodin glucuronide, and emodin sulfate was subtracted by two times of free emodin concentration.
ALT measurement
Liver function was evaluated by measuring plasma alanine amino transferase (ALT) levels. Blood was collected at day 56, then again at the experimental end point (day 70). ALT levels were measured using a Liquid ALT (SGPT) Reagent Set (Pointe Scientific, Inc. Canton, MI, USA) according to the manufacturer's instructions.
Tissue cholesterol content measurement
The liver cholesterol content was detected by an Intracellular Cholesterol Quantitation Kit (Sigma-Aldrich, St-Louis, MO) according to the manufacturer's instruction. Briefly, liver tissue was weighed and then homogenized followed by being pretreated in the mix of chloroform:isoporpanol:IGEPAL CA-630 (7:11:0.1) at room temperature for 10 min. The samples were centrifuged at 13,000 g for 10 min to remove insoluble material. Then the organic phase was transferred to new tubes and air dried at 50 C for 30 min to remove chloroform, followed by blowing the samples with nitrogen to remove any residue organic solvent. After dried, the lipid was dissolved with 200 mL of the Cholesterol Assay Buffer and then diluted into 30Â by this buffer for each sample. Then, 50 mL of the reaction mix was added to each 50 mL standard and sample well in a 96-well plate, and incubated for 60 min at 37 C in dark. The absorbance was detected with a Spectra Max M5 Microplate Reader (Molecular Devices, Sunnyvale, CA, USA) at OD 570 nm. Concentration of cholesterol in sample was calculated by dividing the amount of cholesterol by the sample weight.
Serum lipid and glucose measurement
Serum cholesterol and triglyceride levels were measured using enzymatic colorimetric assays with Cholesterol Reagent and Triglycerides GPO reagent kits (Raichem, San Diego, CA, USA). Plasma cholesterol lipoprotein profiles were determined by a fast-performance liquid chromatography (FPLC) system, an AKTA purifier (GE Healthcare Biosciences, Pittsburgh, PA, USA) equipped with a Superose 6 10/300 GL column (GE Healthcare). Pooled mouse serum (100 mL) was loaded onto the column, and eluted at a constant flow rate of 0.5 mL min À1 with 1 mM sodium EDTA and 0.15 M NaCl. Fractions of 0.5 mL were collected and cholesterol concentration from each fraction was measured using enzymatic colorimetric assays. Blood glucose concentration was measured using OneTouch Ultra Blood Glucose Monitoring System (LifeScan, Inc., Milpitas, CA) following the manufacturer's instructions.
Cell isolation from liver and spleen
The liver and spleen from each mouse were collected and weighed. Half of each organ was used for flow cytometry analysis. Liver infiltrating cells were isolated using a percoll gradient (Sigma). First, the liver was homogenized using mechanical disruption. Then the cells were re-suspended in 33% percoll diluted with 2% FBS/PBS staining buffer. Following centrifugation (2000 rpm for 15 min), the supernatant was removed and the pellet was washed and resuspended in staining buffer. Splenocytes were isolated by mechanical disruption of the spleen. The splenocytes were then washed and re-suspended in staining buffer.
Flow cytometry
The splenocytes and isolated liver infiltrating cells were stained with anti-ly6C FITC mAb, anti-CD11b PE mAb, anti-ly6G FITC mAb, anti-CD4 FITC mAb, anti-CD8a FITC mAB, anti-CD3 PE mAb, and anti F4/80 FITC mAB (all from eBioscience) in staining buffer. The cells were stained for 30 min on ice in the dark. The samples were washed with staining buffer two times and analyzed by flow cytometry using a Cytomics FC 500 flow cytometer and CXP software version 2.2 (Beckman coulter, Brea, CA, USA). Data were collected for 10,000 live events per sample.
Histology
The organs were flushed with PBS then harvested from the mice. Part of the liver was fixed in 4% paraformaldhyde for 24 h. The tissues were then embedded in paraffin and cut into 5 -mm sections used for H&E staining (hematoxylin, GeneTex, Inc.; eosin, Sigma-Aldrich). Part of the liver tissue was fixed in OCT at À20 C. Using a cryostat, 5 or 10 mm thick liver tissue sections were collected for immunofluorescence analysis or Oil Red-O staining. The Oil Red-O staining positive area was quantified using software MetaMorph (Molecular Devices, Sunnyvale, CA, USA).
Immunofluorescence
The OCT fixed frozen tissues were cut into 5 mm thick sections; and the sections were mounted onto glass slides. The slices were first fixed in 4% paraformaldehyde for 2 min; then incubated in 0.01 M glycine three times for 30 min and in PBS with 5% BSA for 30 min. The sections were then stained with anti-F4/80 (1:200, eBioscicence, San Diego, CA, USA) or anti-Gr1 (1:200, eBioscicence) overnight at 4 C. The sections were washed with PBS then stained with DAPI (1:1000 in PBS) for 2 min. The stained sections were imaged using a Nikon E600 fluorescent microscope. We counted the number of positively stained cells in 6-12 random fields of indicated magnification per section.
TUNEL staining
TdT-mediated dUTP-biotin nick end labeling (TUNEL) staining was used to determine programmed cell death, or apoptosis. The tissue sections were deparaffinized and rehydrated. TUNEL staining was accomplished by using an In Situ Cell Death Detection Kit (Roche, Mannheim, Germany) according to the manufacturer's instruction. From each section, 10 randomly selected fields (100Â) were photographed with a Laser Scanning Fluorescence Microscope (Eclipse E600, Nikon, Japan). The number of TUNEL-positive cells in each field were counted using the software Image-Pro Plus 6.0 (Media Cybernetics, Rockville, MD, USA) and divided by the field area. The average apoptotic cell density of the 10 fields was then obtained for each mouse.
Bioplex analysis of serum cytokines/chemokines
Mouse serum levels of 23 cytokines/chemokines were measured using a Bio-Plex Pro TM Mouse Cytokine 23-plex Assay (Bio-Rad) on a Bio-Plex system following the manufacturer's instructions.
Macrophage culture and treatment
Mice were injected with 3 mL of 3% thioglycollate in sterile PBS intra-peritoneally. After three days, the mice were euthanized and the peritoneal cavity was washed with 10 mL PBS twice. The cells were suspended in DMEM with 10% FBS and plated in 12 well plates. After 2 h, all non-adherent cells were removed by washing with PBS and the adherent macrophages were cultured overnight in serum-free DMEM. Cells were then treated with LPS with or without emodin for 6 or 24 h in serum-free DMEM.
Quantitative real-time PCR
Peritoneal macrophages were incubated with serum-free DMEM containing LPS (50 ng mL À1 ) with or without emodin (25 mM) for 6 h. Trizol was used to extract total RNA according to the standard protocol. RNA was reverse transcribed into cDNA using first strand cDNA Synthesis System (OriGene Technologies, Inc., Rockville, MD, USA). Quantitative real-time PCR (qPCR) measurements of target mRNA levels was performed on an Eppendorf Realplex2 Mastercycler (Eppendorf, Hamburg, Germany) according to the manufacturer's instructions. The following primers were used for qPCR: Mouse 18 s: 5 0 CGCGGTT CTATTTTGTTGGT 3 0 (forward) and 5 0 AGTCGGCAT CGTTTATGGTC 3 0 (reverse); mouse TNFa: 5 0 CGTCAGC CGATTTGCTATCT 3 0 (forward) and 5 0 CGGACTCCGCA AAGTCTAAG 3 0 (reverse); mouse IL-6: 5 0 AGTTGCCTTC TTGGGACTGA 3 0 (forward) and 5 0 TCCACGATTTCCCA GAGAAC 3 0 (reverse); mouse IL-1b: 5 0 GCCCATCCTCT GTGACTCAT 3 0 (forward) and 5 0 AGGCCACAGGTA TTTTGTCG 3 0 (reverse); mouse iNOS: 5 0 CACCTT GGAGTTCACCCAGT 3 0 (forward) and 5 0 ACCAC TCGTACTTGGGATGC 3 0 (reverse).
Western blotting analysis
Peritoneal macrophages were incubated with serum-free DMEM containing LPS (50 ng mL À1 ) with or without emodin (25 mM), or a vehicle control for 24 h. Protein was collected from the cells using cell lysis buffer (Cell signaling, Danvers, MA, USA) with a protease inhibitor cocktail (Sigma) added. After quantitation of protein concentration by Lowry assay, 30 mg of protein was loaded onto 4-20% SDS-PAGE gels for electrophoresis. The size separated proteins were then transferred to nitrocellulose membranes. The membranes were blocked for 1 h at room temperature with 5% non-fat dry milk, and then the proteins were blotted with primary antibodies against p-Erk1/2, total Erk1/2, p-P38, total P38, or b-actin, and then with corresponding HRP-conjugated secondary antibodies (all antibodies were purchased from Millipore, Billerica, MA or Cell signaling, Danvers, MA, USA).
Statistical analysis
The data are presented as the mean AE standard error of the mean (SEM). Statistical significance was calculated by use of Student's t test (two-group comparison) or one-way analysis of variance (one-way ANOVA, for multiple group comparison) using the GraphPad Prism statistical program (GraphPad Prism, GraphPad Software, Inc., San Diego, CA, USA). P < 0.05 was considered significant.
Results

Emodin quality confirmation and serum emodin concentration determination
We confirmed the purity and structure of emodin used in this study by mass spectrometry (MS) and 1 H NMR, respectively. The results of the MS showed that the compound was highly pure with correct molecular weight. Likewise, the results of the 1 H NMR agreed with the structure of emodin (data not shown).
To measure serum emodin concentration, a single dose i.p. injection of emodin with 40 mg kg À1 was given to mice and the plasma was collected after 1 h, 4 h, 8 h, and 24 h. The results showed that emodin was cleared from the mice fairly rapidly (Figure 1) . At 1 h post-injection, the concentration of emodin in plasma is $30 mM (including both free and bioactive conjugated forms); the concentration dropped to below 1 mM after 24 h.
Emodin did not affect food uptake, body weight, and serum lipids and glucose levels
To promote development of NAFLD and atherosclerosis, LDLR À/À mice were placed on a high fat diet to cause hyperlipidemia for 10 weeks. During the last four weeks, the mice were divided into two groups. In the control group, mice were i.p. injected with LPS (10 mg/mouse) once daily, while in the emodin group, along with LPS, emodin (40 mg kg À1 ) was also injected once daily. The food uptake and body weight of the mice were monitored weekly and we found no significant differences between the two groups over the course of the experiment (Figure 2 (a) and (b)). Serum total cholesterol and triglyceride levels were measured at the six-week and end time points, while serum lipoprotein FPLC profile and serum glucose levels were measured at the end time point. No significant differences in these parameters were detected between the control and emodin groups (Figure 2 (c) to (f)).
Emodin suppressed systemic inflammation in mice
In order to examine if emodin suppresses systemic inflammation in mice, we use flow cytometry to analysis splenocyte population. We found emodin was able to reduce the both the size of the spleen (from 150.4 AE 6.7 mg to 103.5 AE 4.2 mg, Figure 3(a) ) and the total number of splenocytes (Figure 3(b) ). Several different leukocyte populations were investigated and the results showed that emodin significantly but proportionally decreased the absolute number of each of the cell subset but did not change their percentages (Figure 3(c) and (d) ).
We next measured the serum levels of cytokines/chemokines to further assess the influence of emodin on systemic inflammation. We found that emodin significantly decreased the plasma levels of 20 different cytokines/ chemokines (Figure 3e ). Notably, among the cytokines/ chemokines that emodin decreased were pro-inflammatory 
Emodin reduced liver weight and leukocyte infiltration in the liver
Even though emodin did not affect food intake, body weight, and serum glucose and lipid levels, it was able to decrease the size of the liver from 1380 AE 60 mg to 1208 AE 38.6 mg (Figure 4a ). Further, we isolated the infiltrating leukocytes from thoroughly perfused mouse liver, and found the number of liver infiltrating leukocytes was significantly reduced by emodin from over 50 Â 10 6 to less than 25 Â 10 6 cells (Figure 4b ). The reduction in infiltrating cells was not simply a result of the reduction in liver size since the number of infiltrating cells/mg of liver was also significantly reduced (Figure 4c ). We then looked at individual leukocyte populations in the liver using flow cytometry. Emodin decreased the absolute number of every leukocyte population examined (Figure 4d ).
Emodin attenuated liver inflammation and functional impairment
To confirm the results of flow cytometry and visualize leukocyte infiltration, we stained liver tissue slides using hematoxylin and eosin. H&E staining showed that in the liver of LPS only control mice, there were a large number of inflammatory cell accumulating in clusters, especially in the portal areas and surrounding the central vein, while the emodin group displayed significantly fewer infiltrating cell clusters (Figure 5a ). Further, emodin improved liver function as measured by an ALT assay. Mice that received LPS and emodin had lower ALT levels at both 14 and 28 days after the initiation of treatment than mice that received LPS only (Figure 5b ). However, although emodin treatment slightly decreased the oil Red-O staining positive area percentage in the liver (Figure 5(c) and (d) ) and the liver cholesterol content (Figure 5e ), the decrease was not statistically significant, suggesting emodin did not significantly decrease the extent of steatosis in the liver.
Macrophages and neutrophils are most important leukocyte types that are involved in NAFLD progression. In order to visualize macrophages and neutrophils, we used an antibody against F4/80 to stain macrophages and an antibody against Gr1 to stain granulocytes (mainly neutrophils in the liver), and found that emodin significantly decreased the number of both macrophages (Figure 6(a) and (b)) and granulocytes (Figure 6(c) and (d) ), consistent with the flow cytometry data. We further performed TUNEL staining to measure the cell apoptosis in the liver, and we found there was no significant difference in apoptosis in the two groups of mice (Figure 6(e) and (f) ), suggesting that the reduced inflammatory cells in the Emodin-treated mouse liver was unlikely due to the increased inflammatory cell apoptosis.
Emodin inhibited macrophage inflammation in vitro
Since macrophages, including liver residential kupffer cells and circulation-derived monocytes/macrophages, play a critical role in the transition from simple steatosis to NASH, we next performed in vitro experiments to examine if emodin could directly inhibit LPS-induced macrophage inflammatory responses. We collected primary macrophage from mice and treated them with LPS (50 ng mL À1 ) with or without emodin (25 mM). After 6 h incubation, quantitative real-time PCR was used to measure the expression levels of several pro-inflammatory genes and matrix metalloproteinases. The results showed that emodin significantly inhibited the LPS-induced expression of pro-inflammatory cytokines TNFa, IL-1b and IL-6, as well as iNOS (Figure 7) .
Emodin suppressed Erk1/2 and p38 signaling induced by LPS in macrophages LPS induces macrophage pro-inflammatory signaling through binding to TLR4 receptor and triggering multiple intracellular signaling pathways. Next, we examined which intracellular signaling pathways may contribute to the suppressive effects of emodin. We found that emodin significantly inhibited the activation of ERK1/2 and P38 by LPS (Figure 8 ), while did not substantially affect LPS-induced phosphorylation of JNK and IiB (data not shown).
Discussion
In this study, we tested the effects of emodin on NAFLD using a mouse model generated by two hits, high fat dietinduced hyperlipidemia and LPS administration. We found emodin decreased inflammatory cell infiltration in the liver and improved liver function, although did not substantially attenuate steatosis. The reduction of simple steatosis-to-NASH transition in the liver is accompanied by ameliorated systemic inflammation.
There are no ideal animal models which fully recapitulate both pathogenic context and histopathology of NASH in humans, presenting a major obstacle to carrying out mechanistic and interventional studies. 22, 23 An ideal animal model should mimic the human pathogenic context (obesity, insulin resistance and hyperlipidemia) as well as replicate the histopathology of NASH (steatosis, inflammation with liver cell injury, and the distinctive pattern of pericellular fibrosis). 22 ApoE À/À mice are commonly used for atherosclerosis studies; when fed a high fat, high cholesterol (HFHC) diet, they developed most pathological features of NASH. 24 In this study, we used LDLR À/À mice fed a high fat diet and administrated with LPS. LDLR À/À mouse model is another commonly used model for atherosclerosis studies; when fed a western type diet, LDLR À/À mice develop hyperlipidemia, insulin resistance, and steatosis. 25, 26 In addition to diet-induced hyperlipidemia, chronic low dose LPS administration causes chronic low level endotoxemia, which mimics the endotoxemia caused by leaky gut and serves as a second hit for development of NASH. 8, 27, 28 Therefore, LDLR À/À mice fed with a high fat diet and chronically administered with low dose LPS are ideal to model the transition from simple steatosis to steatohepatitis.
Originally used as a laxative agent in traditional Chinese medicine, emodin has been experimentally shown to be anti-tumor 29 and anti-inflammatory, 16 and to lower plasma lipid, glucose, and insulin levels. 30 However, the laxative effect of emodin, when taken by an oral or intragastric route, affects nutrient absorption in the gut. 31, 32 Therefore, its metabolic regulating function may partially due to its laxative effects. In this study, we used an intraperitoneal route to examine emodin's pharmacological benefits independent of its laxative effects. Indeed, in our study emodin did not result in body weight reduction and plasma lipids and blood glucose lowering. We can mostly attribute the beneficial effects of emodin to its anti-inflammatory function, evidenced by significantly reduced spleen and liver inflammatory cells, decreased serum cytokine and chemokine levels in emodin-treated group compared to control group. We focused our in vitro studies on macrophages, because we detect that emodin significantly reduced the macrophage infiltration in the liver (including proliferating liver resident kupffer cells and blood-derived macrophages). Our cell culture study showed emodin significantly reduced macrophage expression of pro-inflammatory cytokines TNFa, IL-1b, and IL-6, as well as iNOS. It has been shown that macrophage TNFa, IL-1b, IL-6, and iNOS all contribute to steatohepatitis. [33] [34] [35] Therefore, our data suggest that inhibitory effects of emodin on macrophage inflammation at least partially contribute to the attenuation of steatohepatitis. Mechanistically, we further showed that emodin inhibited LPS-induced macrophage inflammation by suppressing Erk1/2 and p38 signaling pathways. It warrants further investigation regarding if emodin also modulates macrophage phenotypes other than the inflammatory phenotype induced by LPS.
There are a few previous studies showing beneficial effects of emodin on NAFLD in animal models. Dong et al. used a high caloric laboratory chow fed rat model and found that oral administration of emodin at 40 mg kg À1 per day for four weeks reduced steatosis and inflammatory cells infiltration and focal necrosis in the liver. They also found emodin reduced body weight, liver weight, blood levels of ALT and triglycerides, and increased liver PPARg expression. 18 Alisi et al. reported that in a high-fat/high-fructose diet fed rat model, emodin administration via drinking water for 10 weeks reduced hepatosteatosis and metabolic derangement. Emodin also reduced plasma TNFa concentration, slightly increased body weight but reduced liver weight/body weight ratio, reduced blood levels of ALT, triglycerides, insulin, glucose, and HOMA-IR. 21 It is noteworthy that in both studies, emodin was administrated via an oral/gastric route, and plasma emodin concentration was not measured. In the first two studies mentioned earlier, oral administration of emodin, either with diet or in drinking water, attenuated steatosis and steatohepatitis in mice, accompanied with reduction in plasma lipids and blood glucose. Therefore, beneficial effects may be due to both of the lipid lowering effects and the direct inhibitory effects of emodin on gut microbiota.
In conclusion, our results suggest that emodin, when administrated by intra-peritoneal injection, exerted beneficial effects on NAFLD through its anti-inflammatory merit, independent of its potential lipid-lowering and glucoselowering effects. We expect a combination of oral and intravenous administration of emodin in patients would increase the bioavailability and maximize the beneficial effects of emodin on metabolic inflammatory diseases such as NDFLD through multiple mechanisms.
